The blood-brain barrier (BBB) regulates passage of nutrients and signaling molecules from the circulation into the brain. Whether lipoproteins cross the BBB in vivo has been controversial, and no clear requirement for circulating lipoproteins in brain development has been shown. We address these issues in Drosophila, which has an functionally conserved BBB, and lipoproteins that resemble those of vertebrates. We show that the Drosophila lipoprotein lipophorin exists in two isoforms. Both isoforms cross the BBB, but accumulate on distinct subsets of cells within the brain. In addition to acting as a lipid carrier, lipophorin carries both sterol-linked and GPI-linked proteins into the circulation and transports them across the BBB. Finally, lipophorin promotes neuroblast proliferation by a mechanism that does not depend on delivery of dietary lipids. Transport of lipophorin and its cargo across the BBB represents a novel mechanism by which peripherally synthesized proteins might enter the brain and influence its development. Furthermore, lipid-linkage may be an efficient method to transport therapeutic molecules across the BBB.
Introduction
The BBB prevents unregulated passage of circulating molecules into the brain, maintaining a controlled and stable environment important for neuronal function (Banerjee and Bhat, 2007) . To enter the brain, nutrients and signaling molecules must engage specific transport systems on BBB cells (Broadwell, 1989; Hervé et al., 2008) . Lipoproteins mediate interorgan transport of nutritional and signaling lipids, and also bear a variety of lipid-linked signaling molecules (Panáková et al., 2005) . Vertebrate BBB cells express lipoprotein receptors, and transcytose both LDL and HDL in tissue culture (Dehouck et al., 1997; Balazs et al., 2004) . Furthermore, linking peptides derived from ApoE and ApoB to other molecules can promote their transport across the BBB (Spencer and Verma, 2007; Zensi et al., 2009 ). However, circulating lipoproteins have never been shown to enter to the brain in vivo. If lipoproteins do enter the brain, it is unclear what their function there would be since the brain does not use fatty acids for energy production (Yang et al., 1987) . Furthermore, almost all cholesterol in the vertebrate brain is derived from endogenous synthesis rather than lipoprotein-mediated delivery (Dietschy and Turley, 2004; Dietschy, 2009) .
The sterol auxotroph Drosophila melanogaster provides a powerful model system to study lipoproteins and the BBB. Their lipoproteins and lipoprotein receptors resemble those of vertebrates (van der Horst et al., 2002; Van der Horst et al., 2009; Khaliullina et al., 2010) and the functionally conserved BBB is formed by septate junctions composed of molecules almost identical to those in vertebrate tight junctions (Awasaki et al., 2008; Stork et al., 2008; Mayer et al., 2009 ). Here, we investigate whether the Drosophila lipoprotein lipophorin (Lpp) crosses the larval BBB, and whether it influences larval brain development.
Materials and Methods

Cloning
Lipophorin:GAL4. gal4 cDNA was inserted between the 5.5 kbp promoter and 3 kbp 3Ј UTR sequence of lipophorin and cloned into a vector containing a multiple cloning site and mini-white gene flanked by FRT sites.
Tagged mCherry reporters. 
Collections
Embryos collected at 4 h intervals were kept at 27°C. Wild-type and LppGAL/ϩ; UAS;dsLpp/ϩ larvae were transferred to applejuice agar plates containing yeast. Wild-type larvae were also transferred to lipiddepleted medium (Panáková et al., 2005) . For phospho-histoneH3 stain- 
Immunohistochemistry
Larval tissues dissected on ice in PBS were fixed with 4%PFA at room temperature and stained in 10% NGS, 0.1% Triton X-100 PBS solution. Antibodies were diluted as follows: anti-HA16B12 1:1500 (Santa Cruz Biotechnology), anti-Elav7E8A10 1:1500 [Developmental Studies Hybridoma Bank (DSHB), University of Iowa, Iowa City, IA], anti-HRPCy5 1:500 (Dianova), anti-Lpp (Eugster et al., 2007) (Wang and Holmgren, 1999) , anti-Dpn (1:30) (Boone and Doe, 2008) , anti-Myc 1:1000 (Gramsch), anti-Prospero-MR1A 1:750 (DSHB), anti-Repo8D12 1:500 (DSHB) and anti-phosphohistone H3 6G3 1:1500 (Cell Signaling Technology). Phalloidin-Cy5 1:200 (Invitrogen) and FilipinIII 1:500 (Sigma). For quantitation, tissues were treated in parallel and imaged under identical conditions on the same day using a Zeiss confocal microscope. Data were analyzed using Fiji. 
Quantification of CNS staining patterns
Results
To ask whether the major Drosophila lipoprotein, lipophorin (Lpp), accumulated in the larval brain, we stained brains with an antibody directed against Lpp particles. Lpp is detectable on the BBB and within the CNS, suggesting these particles cross the BBB ( Fig. 1 A, 
D-I ).
To directly observe passage of Lpp across the BBB, we used fluorescently labeled Lpp particles. Alexa543-labeled lipophorin and Alexa488-labeled IgG were added to explanted second instar larval brains and incubated at 0°C. After 15 min at 0°C, both Alexa543-labeled Lpp and Alexa488-labeled IgG accumulate on the BBB but not within the CNS (Fig. 1 J , L,N ) . When the incubation is performed at 23°C, Alexa488 IgG remains on the BBB and is still excluded from the CNS ( Fig. 1 K, O) . In contrast, Alexa543-lipophorin enters the brain and accumulates on neuronal cell bodies, axon tracts and cells of the optic anlage ( Fig.  1 A, M,O) . Thus, while IgG is efficiently excluded by the BBB, Lpp particles are actively transported across it.
The protein moiety of Lpp, apolipophorin, undergoes furindependent cleavage, generating apolipophorin I (ApoLI) and apolipophorin II (ApoLII) (Panáková et al., 2005) , both of which circulate on low-density lipophorin particles in the hemolymph (Fig. 1 B, C) . Western blotting suggests that a fraction of circulating lipophorin particles also contains uncleaved apolipophorin, HA ApoL-tev Myc and HA ApoLII localize differently within the CNS. A, Replacement of the apolipophorin furin cleavage site (blue) with TEV-protease cleavage sequences (red). HA (green) and Myc (gray) tags are shown. Other motifs as in Figure 1 B which we denote ApoL FL (Fig. 1C, red arrowheads). To investigate whether apolipophorin cleavage might influence its passage across the BBB, we replaced the cleavage motif RXRR with a tobacco mosaic virus protease (TevP) cleavage site triplicate (ApoL-tev). We tagged both wild-type apolipophorin ( HA ApoL Myc ) and ApoL-tev ( HA ApoL-tev Myc ) with HA at the N terminus and Myc at the C terminus (Fig. 2 A) and expressed these constructs in the fat body (the normal site of lipophorin production) under the control of LppGAL4.
We first asked whether these tagged versions of apolipophorin were incorporated into lipophorin particles. Western blotting of larval hemolymph density gradients shows that HA ApoL Myc is normally processed to HA ApoLII and ApoLI Myc , which are incorporated into particles of the same density as wild-type Lpp (compare Fig. 2 B, panels 1, 2 with Fig. 1C ). As expected, HA Apo-tev Myc is not detectably cleaved, and is incorporated in its fulllength form into particles of the same density as wild-type ApoL FL (compare Fig. 2 B, 
ApoL-tev
Myc forms lipoproteins in which apolipophorin is uncleaved.
To ask whether these particles differ in their ability to cross the BBB, we expressed either HA ApoL Myc or HA ApoL-tev Myc under the control of LppGAL4. LppGAL4 is active only in the fat body and has no ectopic activity in the brain (supplemental Fig. S1 A, Fig. S1C , available at www.jneurosci.org as supplemental material). In contrast, when these constructs are expressed in the fat body, both ApoL isoforms are found inside the CNS. Strikingly, they localize to different regions. Uncleavable HA ApoL-tev Myc localizes to neurons, whereas lipoproteins containing HA ApoLII are found almost exclusively in the optic anlage ( Fig. 2C-F ) . To confirm that their different localization depends on apolipophorin cleavage, we induced cleavage of HA ApoL-tev Myc by co-expressing the TevP in the fat body. When TevP is expressed in a form that can enter the secretory pathway, localization of HA ApoL-tev Myc shifts toward the optic anlage (Fig. 2G,GЈ,H ). These data show that different types of lipoproteins accumulate in specific regions of the brain after crossing the BBB.
The first instar neuropil is composed of arborized neuronal projections formed by primary neurons that arise during embryogenesis. The neuropil increases in volume during early larval stages as primary neurons further extend neurites and increase their arborization. At the same time, continuous division of neuroblasts in the cortex generates what will become new secondary neurons (Larsen et al., 2009 ). To assess requirements for lipophorins in the brain at this stage, we used RNA interference to reduce lipophorin production in the fat body (supplemental Fig.  S2 A-C, available at www.jneurosci.org as supplemental material). Lpp RNAi larvae arrest in the second instar and live many days without developing further. Anti-HRP staining reveals that the second instar CNS of these larvae remains smaller than that of stage-matched control animals, and that this results from a reduction in the volume occupied by neuronal cell bodies and the optic anlage (Fig. 3 A, C) . Surprisingly, the size of the neuropil is even greater than that of wild-type second instar larvae ( Fig. 3F; supplemental Fig. S3C ,D, available at www.jneurosci.org as supplemental material). Staining glial cells with anti-Repo indicates that glial cell number is normal in these brains (supplemental Fig.  S3G ,H, available at www.jneurosci.org as supplemental material). Together, these data suggest that Lpp RNAi may block proliferation of neuroblasts without affecting neurite growth from primary neurons.
To investigate this further, we stained the CNS of Lpp RNAi and control animals with anti-phospho-histone H3, which detects cells in mitosis, and with anti-Deadpan (Dpn), which labels neuroblasts in the CNS (Boone and Doe, 2008) . In the wild-type RNAi larvae fed normal food (n ϭ 6, 3.5 Ϯ 1.0). Asterisks indicate significant differences from wild-type larvae fed normal food ( p Ͻ 0.001). Error bars are SDs. F, Neuropil/CNS volume ratio of wild-type larvae raised on normal food (green bar) or lipid-depleted food (brown bar) and Lpp RNAi larvae raised on normal food (red bar). Asterisks indicate significant differences from wild-type larvae fed normally ( p Ͻ 0.0001). Error bars are SDs. G-I, Projections of whole brains stained with FilipinIII from wild-type larvae raised on normal food (G) or lipid-depleted food (H ) and Lpp RNAi larvae raised on normal food (I ).
CNS, a significant fraction of Dpn-labeled neuroblasts also stain with anti-phospho-histone H3 (Fig. 3B) . In contrast, proliferation in Lpp RNAi brains is dramatically reduced (Fig. 3E) . Although Dpn-positive neuroblasts are still detected in the CNS, they do not stain with anti-phospho-histone H3 ( Fig. 3D ; not a single Dpn-positive neuroblast stained with anti-phosphohistone H3 in 10 Lpp RNAi brains examined). The few dividing cells observed in these brains were not Dpn-positive (supplemental Fig. S3 A, B , available at www.jneurosci.org as supplemental material). Thus, Lpp
RNAi blocks proliferation of neuroblasts, preventing generation of secondary neurons within the CNS.
To confirm that neurite extension from primary neurons was unaffected in Lpp RNAi animals, we labeled a single neuron that projects to the mushroom body and quantified the average length of its primary projection (before the first branch point). The average length does not differ in wild-type and Lpp RNAi animals (supplemental Fig. S4 A, B , available at www.jneurosci.org as supplemental material). Furthermore, the subset of FasII-positive neuronal projections in Lpp RNAi larvae are larger than those of equally staged control animals (supplemental Fig. S4C ,D, available at www.jneurosci.org as supplemental material), confirming that loss of Lpp does not reduce neurite growth from existing primary neurons. Because neurite growth demands the incorporation of large amounts of lipid into the plasma membrane (Pfenninger, 2009 ), these observations suggest that membrane lipids are not limiting in Lpp RNAi animals. Although Drosophila requires sterols for development, they cannot synthesize them and depend on nutritional sources (Clayton, 1964) . Lpp RNAi inhibits lipid mobilization from the gut (Panáková et al., 2005) and reduces sterol levels in the larval imaginal discs (Khaliullina et al., 2010) . Removal of dietary sterol arrests larval growth and development in the first/second instar (M. Carvalho and S. Eaton, unpublished observations), similar to the arrest seen in Lpp RNAi larvae. Therefore, we wondered whether reduced proliferation in the brain might be an indirect consequence of the lack of sterols or other essential dietary lipids. To investigate this, we compared the effects of Lpp RNAi versus dietary lipid depletion. Staining larval brains with FilipinIII, to detect free sterols, reveals that dietary lipid depletion reduces brain sterol levels more than Lpp RNAi ( Fig. 3G-I ) However, while Lpp
RNAi reduces mitosis dramatically, dietary lipid depletion has less severe effects (Fig. 3 E, F ; supplemental Figure  S3C ,D, available at www.jneurosci.org as supplemental material). Thus, reduced proliferation in the brain of Lpp RNAi animals is not a consequence of the lack of sterol or other dietary lipids.
Since Lpp did not appear to promote proliferation by delivering dietary lipid, we wondered about other possible cargo. We previously reported that lipid-linked proteins (including GPIlinked, cholesterol-modified and palmitoylated proteins) associate with Lpp, permitting their local mobilization (Panáková et al., 2005; Eugster et al., 2007 (Fig. 4 A) . As expected, HA mCherry is not present in the hemolymph, although it is expressed at equivalent levels in the fat body (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material). Thus, GPI and sterol-linked proteins are released into systemic circulation on Lpp.
To ask whether Lpp was required for release of
Discussion
The possibility that lipoproteins cross the BBB has been suggested by the presence of lipoprotein receptors on BBB cells, and by the observation that peptides derived from ApoE and ApoB promote transport of linked proteins across the BBB (Balazs et al., 2004; Kreuter et al., 2007; Spencer and Verma, 2007; Candela et al., 2008; Zensi et al., 2009) . Nevertheless, there has been no evidence to show that circulating lipoproteins cross the BBB in vivo, or what their function in the brain might be if they did. We show that the Drosophila lipoprotein lipophorin crosses the BBB, and is essential for neuroblast proliferation. Our data suggest this requirement is independent of its function in lipid delivery. What other roles might Lpp play in brain development? The finding that lipophorin transports GPI-linked proteins into the CNS suggests a new range of mechanisms by which systemic signals might influence the nervous system: peripheral growthpromoting signals might be transported into the brain on Lpp. This may be of particular relevance to lipid-modified growth factors such as the EGF-related Spitz (Pan and Kastin, 1999; Miura et al., 2006) . Furthermore, once inside the brain, Lpp may act as it does in imaginal discs (Panáková et al., 2005) to help mobilize signaling molecules (e.g., axon guidance cues), which act over large distances (Brankatschk and Dickson, 2006; Charron and Tessier-Lavigne, 2007) .
Our observations suggest remarkable specificity in the trafficking of lipophorin and lipophorin-associated proteins in the nervous system. Two isoforms of Lpp differing only in the processing of apolipophorin both cross the BBB but accumulate in different regions of the CNS. Furthermore, although both sterol and GPI-linked proteins associate with Lpp, they are transported across the BBB with different efficiencies. This may reflect association with functionally different lipoprotein subpopulations, or differences in trafficking at the BBB. The cell biological basis of this specificity will be fascinating to unravel. Furthermore, these observations raise the possibility that linking therapeutic molecules to lipids could facilitate transport across the BBB by promoting association with lipoproteins.
